Abstract: Processing of sensory information can be modulated in both cortex and thalamus by behavioral context, such as locomotion. During active behaviors, coding of sensory stimuli and perception are improved, in particular during physical activity of moderate intensity. These locomotion-related modulations seem to arise from a combination of mechanisms, including neuromodulation, the recruitment of inhibitory interneurons, and specific top-down or motor-related inputs. The application of new experimental methods in mice during walking under head-fixation on treadmills made it possible to study the circuit and cellular basis underlying modulations by behavioral context with unprecedented detail. This article reviews the current state of these studies and highlights some important open questions.
Introduction
The study of the neural basis of sensation has a long tradition of powerful experimental approaches, where anesthetized or awake, head-fixed animals are presented with highly controlled sensory stimuli. It was this exquisite experimental control that allowed detailed characterization of receptive fields (RFs) in the visual, auditory, somatosensory and other sensory systems. In addition, training head-fixed non-human primates (Roelfsema et al., 1998; Spitzer et al., 1988; Treue and Maunsell, 1996) , ferrets (Atiani et al., 2009; David et al., 2012) or rodents (Histed et al., 2012; Schwarz et al., 2011) in carefully designed behavioral tasks, which ensure a constant sensory drive under different cognitive demands, enabled in sensory areas the isolation of non-sensory, contextual modulations of neuronal responses, such as effects of attention, reward expectancies, or decision making. Performing these experiments in stationary animals was crucial, as it allowed stability of both sensory stimulation and neural recordings.
In general, studying perception under stationary conditions might particularly well capture sensory processes in primates, where a substantial portion of sensory experience involves focused information processing in quiet wakeful states, such as during communication, reading (in case of humans), and other forms of attentive information gathering. For many animals, however, important sensory processing happens mainly during physical activity, where sensation serves for navigation, finding food and mates, and avoiding predation, whereas periods of quietness are often associated with rest. Remarkably, some of the hallmarks of neural processing during active behaviors and focused attention seem shared, opening the possibility that some of the underlying circuits might be evolutionarily conserved (Harris and Thiele, 2011; Maimon, 2011) .
The idea to investigate sensory processing during active behaviors is not new: For many years, research on visuo-motor integration has relied on an experimental approach, which combines the advantages of head-fixation with the ability of animals to move freely. This approach has been pioneered at the Max-Planck Institute for Biological Cybernetics (Tübingen), where it was first applied to the fly visual system (Buchner, 1976) (Figure 1a ). It consists of an air-cushioned, floating ball, on which the fly can rest or move, and the surrounding stimulation system, where visual stimuli can be displayed dependently (closed loop) or independently (open loop) from the animal's locomotion behavior. Recognizing the power of this spherical treadmill approach, Mallot and colleagues (University of Tübingen) (Holscher et al., 2005) more than 10 years ago have adapted the floating-ball-system for rats, and could demonstrate that rats are able to navigate in virtual environments displayed in the system. The application of two photon, single-cell-resolution population Ca 2+ imaging (Dombeck et al., 2007) , intracellular recordings (Harvey et al., 2009 ) and high-density extracellular recordings (Niell and Stryker, 2010) , in mice actively behaving in this system, lead to the final break-through of the paradigm (Figure 1b-c) . Remarkably, research on effects of active behaviors on neural processing in flies and rodents has also inspired human cognitive psychology, where new setups have now been developed, which allow measurement of task performance and brain activity during controlled physical activity, such as cycling on a stationary exercise bike (Bullock et al., 2016) .
Modulations of sensory information processing
When observing head-fixed mice during locomotion with a close-up camera for tracking of eye movements, several groups have realized that locomotion goes along with prominent modulations of pupil size: while pupil size tends to be smaller during stationary periods, pupil size can be dramatically enlarged during locomotion (Erisken et al., 2014; Vinck et al., 2015; McGinley et al., 2015; Reimer et al., 2014) . Pupil size has long been known from cognitive psychology as an excellent proxy of arousal (Bradshaw, 1967) ; hence, pupil dilation under constant illumination in mice during stationary periods has been explored as a marker to isolate effects of arousal (Vinck et al., 2015; McGinley et al., 2015; Reimer et al., 2014) , which are likely mixed with more specific locomotion-related signals during running (Keller et al., 2012; Saleem et al., 2013) .
The ecological relevance of pupil dilation with arousal or, more generally, demanding cognitive processes, is still an open question: on the one hand, pupil dilation increases the amount of light entering the eye, which can, e.g. in mice, amount to a more than 20-fold increase in retinal brightness (Pennesi et al., 1998) . To which degree such increase in retinal brightness translates into increases in sensitivity is unclear, however, because there are neural circuits as early as in the retina, which exert gain control and normalization for overall luminance (Caran dini and Heeger, 2012) . On the other hand, pupil size under different illumination conditions is optimized for providing highest visual acuity (Laughlin, 1992) , so further dilating the pupil in the context of arousal might hurt the quality of the image due to optical aberrations. In summary, the functional relevance of pupil dilation under constant illumination is still unclear, as direct evidence for a contribution of pupil size to enhanced visual sensitivity is still missing.
Visual cortex
Building on a long tradition of work on state-dependent neuronal processing in sensory systems (Harris and Thiele, 2011; Gilbert and Sigman, 2007; Alonso and Swadlow, 2017; Zagha and McCormick, 2014) , Niell & Stryker (Niell and Stryker, 2010) used the spherical treadmill paradigm to demonstrate in extracellular recordings that neural responses in mouse primary visual cortex (V1) dramatically depend on whether the animal is sitting or running. More specifically, during locomotion broad-spiking neurons in V1 layer 2/3 can show a more than 2-fold increase in responsivity. This increase is typically an additive and multiplicative enhancement of gain (Figure 2a Buchner (1976) . b) A similar system applied to mice. Modified with permission from Carandini and Churchland (2013) . c) When combined with a large-scale immersive stimulation system, display of visual stimuli can occur in closed loop (matching the animal's locomotion) or open loop configuration (mismatching the animal's locomotion). Modified with permission from Fiser et al. (2016). scaled during locomotion without exhibiting concomitant changes in tuning width, at least on the overall population level. Later studies revealed that the subthreshold mechanism underlying these state-dependent differences in V1 processing is a depolarization of the membrane potential of pyramidal cells (Niell and Stryker, 2010; Polack et al., 2013) . This depolarization of membrane potential is accompanied by a remarkable reduction of trial-to-trial variability (Bennett et al., 2013) , improving the reliability of visual evoked responses.
Besides increasing the gain of orientation tuning (Niell and Stryker, 2010; Polack et al., 2013) and contrast response functions (Erisken et al., 2014; Lee et al., 2014) , locomotion can also change several aspects of V1 stimulus selectivity. First, in experiments probing V1 neurons with gratings of varying diameter, locomotion increases preferred stimulus size and markedly reduces surround suppression, thus controlling spatial integration and contextual modulation (Figure 2c ) (Erisken et al., 2014; . Second, locomotion-related gain changes seem largest in neurons tuned for high spatial frequencies, resulting in a relative enhancement of spatial resolution during locomotion (Mineault et al., 2016) . Third, during locomotion, temporal frequency tuning of neurons in V1 and extrastriate area AL (anterolateral) shifts towards higher frequencies (Andermann et al., 2011) . Forth, high arousal in the absence of locomotion indexed by pupil dilation leads to a sharpening of orientation tuning (Reimer et al., 2014) . These changes in neuronal tuning properties make simple explanations for the observed effects of locomotion unlikely, such as those based on increases in brain temperature (Moser et al., 1993) . In addition, since cortical temperature fluctuations with voluntary locomotion have been found to be small (0.1 °C), some authors conclude that the contribution of temperature changes during locomotion on neural excitability are minimal (Shirey et al., 2015) . Erisken et al. (2014) . d) Locomotion suppresses LFP power at low frequencies and enhances power at higher frequencies, including a narrow-band gamma oscillation. Fiorini & Busse, unpublished. e) Example V1 neurons with tuning to running speed. Erisken & Busse, unpublished (see also Saleem et al., 2013) . f) Full-field and local mismatch responses of a population of V1 neurons. Modified with permission from Zmarz and Keller (2016) .
Beyond strengthening of responses, locomotion improves stimulus encoding by enhancing the mutual information between visual stimuli and single neuron responses (Dadarlat and Stryker, 2017) . The locomotion-dependent shift of the V1 population into more informative processing regimes does not only result from the increased amount of activity (Dadarlat and Stryker, 2017) , but also from changes in the population response pattern, where noise correlations decrease (Erisken et al., 2014; Dadarlat and Stryker, 2017) .
At least in the mouse visual system, the effects of locomotion seem to be layer-dependent. Locomotion-dependent increases of mutual information (Dadarlat and Stryker, 2017) and firing rates (Erisken et al., 2014; Dadarlat and Stryker, 2017) have been found largest and most consistent in supragranular cortical layers, while changes in firing rate with locomotion in infragranular layers seem more diverse and often of opposite sign, thus resulting in a smaller overall modulation (Erisken et al., 2014) . The mechanisms and underlying neural circuits for the diversity of locomotion-related response modulations in lower layers are currently not well understood, but at least two proposals have been made: A cellular resolution, two-photon calcium imaging study using a microprism approach to reach all V1 layers revealed an intriguing population of neurons whose activity was strongly suppressed by locomotion (Andermann et al., 2013) . Based on their location in the imaging plane, these locomotion-suppressed were attributed to L6 (Andermann et al., 2013) . Interestingly, previous studies have shown that a particular class of L6 neurons (the Ntsr1-positive L6 neurons) can regulate the gain across the V1 column (Olsen et al., 2012) via reduced driving of a transcolumnar inhibitory interneuron (Bortone et al., 2014) . Hence, a locomotion-related reduction of activity of the L6 Ntsr1+ neurons might be a potential mechanism for increased gain in the superficial layers. Other results point towards the fact that locomotion-suppressed neurons in deep layers might instead be located in L5 (Erisken et al., 2014) ; if these locomotion-suppressed neurons were somatostatin-positive (SOM+) inhibitory interneurons, they could provide gain modulations of the cortical column via disinhibition of pyramidal cell activity. Future experiments are needed to distinguish between these and other alternatives, and identify the deep-layer, locomotion-suppressed neurons.
Consistent with a change in overall brain state, periods of locomotion are accompanied by a marked change in the power distribution of the local field potential (LFP) (Figure 2d ). Specifically, locomotion decreases the power of low frequencies (< 20 Hz) and increases power in the LFP gamma band range (> 40 Hz) (Niell and Stryker, 2010; Vinck et al., 2015) , changing the LFP from exhibiting synchronized low frequency, high amplitude fluctuations during stationary periods to more desynchronized patterns of activity with high frequency, low amplitude fluctuations during locomotion. Interestingly, there is in mouse primary visual cortex, a remarkably narrow gamma band oscillation with a 2-5 Hz bandwidth peaking close to 60 Hz, whose amplitude increases with locomotion (Niell and Stryker, 2010; Lee et al., 2014; Saleem et al., 2017) . This narrowband gamma oscillation is highest in L4 of primary visual cortex and is present in the spiking output of neurons in the dorsolateral geniculate nucleus (dLGN) of the thalamus, even in the absence of cortical feedback (Saleem et al, 2017) , suggesting that the narrowband gamma oscillation is generated upstream from cortex, i.e in the thalamus or potentially in the retina (Storchi et al., 2017) . While the exact function of this narrow-band gamma oscillation remains unknown, it might represent a specific channel for feedforward retino-geniculo-cortico communication (Saleem et al, 2017) .
In addition to global changes in brain state, locomotion can also exert more specific influences in primary visual cortex. First, a sizeable fraction of the neurons in mouse V1 seem to be tuned for running speed, even when the animals are running in complete darkness (Erisken et al., 2014; Saleem et al., 2013) : Running speed can control smoothly the firing rate of V1 neurons, with run speed tuning being monotonically increasing, monotonically decreasing or peaking at intermediate running speeds (Figure 2e ). Such run speed tuning is consistent with the idea that V1 can inform navigation, as run speed is represented in V1, even in the absence of visual flow. Second, 5-10% of neurons in mouse primary visual cortex signal mismatches between self-motion and optic flow (Keller et al., 2012; Zmarz and Keller, 2016) , by strongly responding to the sudden uncoupling of optic flow patterns from self motion (Figure 2f ). In the context of theories of predictive coding (Friston, 2005; Rao and Ballard, 1999) , mismatch responses can be interpreted to signal deviations from a prediction based on a learned relationship between motor output and sensory feedback (Attinger t al., 2017) . Interestingly, mismatch responses can also be triggered from local changes in optic flow (Figure 2f ), making these responses a candidate mechanism for detecting deviations from self-motion, such as generated by moving objects during locomotion (Zmarz and Keller, 2016) .
Other sensory cortices
Modulations of cortical responses by locomotion have been most extensively investigated in the visual system, but they also occur in the somatosensory and auditory system. In the primary somatosensory cortex (S1), locomotion's effects seem to be generally similar to those observed in primary visual cortex (Fu et al., 2014; Sofroniew et al., 2015; Pluta et al., 2015) , and also resemble those typically found during whisking, which has been used extensively in the context of somatosensation to index active behavioral states (Crochet and Petersen, 2006; Gentet et al., 2010; Poulet and Petersen, 2008) . In the primary auditory cortex (A1), however, the observed effects seem to be markedly different. Instead of enhancing responses, locomotion seems to decrease A1 responses (McGinley et al., 2015; Zhou et al., 2014; Schneider et al., 2014) , both during spontaneous as well as stimulus-driven activity. This suppression of A1 spiking activity is mediated by a scaling down of both excitation and inhibition of subthreshold membrane potentials (McGinley et al., 2015; Schneider et al., 2014) . Since this suppression is relatively stronger during spontaneous background activity than during sensory evoked responses, signal-to-noise ratio during auditory processing in the active state seems improved (McGinley et al., 2015; Zhou et al., 2014) , in particular in regimes of moderate arousal (McGinley et al., 2015) . Interestingly, not only locomotion, but also active task engagement seems to generally hyperpolarize primary auditory cortex (Otazu et al., 2009; Kuchibhotla et al., 2017) .
Locomotion effects in thalamus
Effects of locomotion, similar to more general effects of arousal Bezdudnaya et al., 2006) , are not restricted to cortex, but already occur at the level of the sensory thalamic nuclei (Erisken et al., 2014; McGinley et al., 2015; Williamson et al., 2015) . In the visual system, locomotion shifts the firing mode of neurons in the dorsolateral geniculate nucleus (dLGN) of the thalamus from burst to tonic mode (Niell and Stryker, 2010; Erisken et al., 2014) , enhances firing rates (Erisken et al., 2014; Roth et al., 2016) and controls spatial integration (Erisken et al., 2014) . Similar to neurons in area V1, thalamic neurons can signal speed-related information (Erisken et al., 2014; Roth et al., 2016) : dLGN neurons show tuning for running speed (Erisken et al., 2014) , while neurons in the higher-order visual thalamic lateral posterior (LP) nucleus, a rodent homologue of the pulvinar, can represent discrepancies between self motion and optic flow (Hirata and Castro-Alamancos, 2010) . Accordingly, in the auditory system, locomotion decreases responses already in the medial geniculate body (McGinley et al., 2015; Williamson et al., 2015) .
Given that locomotion modulates sensory processing across multiple stages, an important open question is to which degree these modulations are carried over across processing stages via glutamatergic connections or generated de novo. In the auditory system, Schneider et al. (Hirata and Castro-Alamancos, 2010 ) estimated the cortical contribution to locomotion-related response modulation by using a powerful optogenetic stimulation approach: they found that locomotion effects on responses to optogenetic stimulation of afferent thalamo-cortical connections from the medial geniculate body over A1 were around 60% of the locomotion effects on responses to tones, pointing towards the importance of both cascading effects between processing stages and cortical contributions. Focused on more general state-dependent processing, similar results have been found in the somatosensory system, where stimulation of ventral posterior medial (VPM) thalamus can drive neuronal activity in barrel cortex typically associated with active whisking (Hirata and Castro-Alamancos, 2010; Poulet et al., 2012 ; but see, Constantinople and Bruno, 2011) .
Effects of locomotion on behavioral performance
What are the effects of the locomotion-related improvements in sensory representations on behavior? In the visual system, the enhanced encoding during locomotion translates into improved behavioral sensitivity for stimulus detection, in particular during challenging low-contrast conditions (Bennett et al., 2013) . For perceptual studies in the visual system, so far, the animal's activity has largely been considered a binary variable, where performance has been measured during either stationary or locomotion conditions. Work in the auditory system, to date, has quantified behavioral performance as a function of behavioral state in a much more fine-grained way, and concluded that auditory detection performance follows the classically described, inverted U-shaped dependence on arousal (McGinley et al., 2015) : performance is optimal for intermediate levels of arousal as indexed by pupil diameter, which occur in a sub-state of quiet wakefulness; in contrast, auditory performance during locomotion, i.e. a high-arousal state, or during drowsiness, is degraded. Intriguingly, a similar, inverted U-shaped relationship between visual feature-selective coding and exercise-level has recently been observed in the human visual system (Bullock et al., 2016) .
Neural circuits mediating locomotion effects on sensory processing
Two mechanisms have recently received particular attention in the study of the neural circuits mediating locomotion effects on sensory processing: neuromodulation and inhibitory interneurons. These mechanisms are likely related, as inhibitory interneurons seem to be particularly prone to the influences of neuromodulation (Fanselow et al., 2008; Chen et al., 2015; Kruglikov and Rudy, 2008) .
There is a substantial body of converging work demonstrating the role of acetylcholine in the expression of state-dependent neural processing (Thiele, 2013) . Stimulation of basal forebrain can mimic in V1 some of the key effects of locomotion, alongside improving visual performance (Pinto et al., 2013) . In fact, to evoke the V1 response enhancements typically associated with locomotion, it is sufficient to activate the axons terminating in basal forebrain from the mesencephalic locomotor region (MLR) (Lee et al., 2014) , a brain stem region involved in the execution of locomotor patterns. Importantly, this recapitulation of V1 locomotion effects is possible even in subtle stimulations, where the descending locomotor outputs are not recruited (Lee et al., 2014) . Consistent with the similarity of effects of locomotion with those of basal forebrain stimulation, activity of cholinergic axons imaged over V1 and A1 is correlated to locomotion (Reimer et al., 2016) . Other work, however, has found that application of cholinergic antagonists could not abolish in L2/3 the tonic depolarization associated with locomotion (Polack et al., 2013) , suggesting the involvement of additional neuromodulatory pathways. Given the prominent effects of locomotion on pupil size, another candidate neuromodulator is norepinephrine, which is well known to contribute to controlling pupil size via tonic activity in the locus coeruleus (Aston-Jones and Cohen, 2005; Samuels and Szabadi, 2008) . Indeed, pharmacological blockade of noradrenergic inputs in V1 superficial layers seems to reduce locomotion-related depolarization by around 50% (Polack et al., 2013) , and activity of noradrenergic axons over V1 seems well correlated to the fast changes of pupil size (Reimer et al., 2016) . While it is sometimes implicitly assumed that the links between neuromodulatory brain stem centers and cortex is direct, neuromodulation also has substantial impact on thalamus and thalamocortical transmission: First, cholinergic projections from the parabrachial brainstem region, which also encompasses the MLR, terminate in dLGN, as well as noradrenergic projections from the locus coeruleus (reviewed in Lee and Dan, 2012) . Second, GABAergic basal forebrain projections terminate in the TRN, where they exert hyperpolarizing influences (Bickford et al., 1994) , potentially releasing sensory thalamic nuclei from inhibition. In summary, while it has become clear that several different circuits are involved in the modulation of sensory processing, it remains an open question how these circuits concert their actions during locomotion (Figure 3a) .
Remarkably, neuromodulation via the noradrenergic system during locomotion combined with local synaptic activity, e.g. during visual stimulation, do not only affect neuronal responses, but also promote slower and long-lasting Ca 2+ responses in the V1 astroglia network via the alpha-adrenergic receptor (Paukert et al., 2014; Ding et al., 2013) . Increased Ca 2+ signaling in astrocytes during coincident synaptic activity and arousal might enhance the ability of astrocytes to uptake K+ and glutamate from the extracellular space, thereby contributing to the control of excitability of neural circuits and the coordination of the broad effects of neuromodulators on neuronal activity (Paukert et al., 2014; Ding et al., 2013; Kjaerby et al., 2017) .
What could be the possible routes of neuromodulatory action? In primary visual cortex, acetylcholine might have preferential impact on inhibitory interneurons (Fanselow, 2008; Chen et al., 2015; Kruglikov and Rudy, 2008) , and could thereby change the recruitment of GABAergic inhibition and the function of the cortical circuit. According to a well-established circuit motif (Pfeffer et al., 2013) , which seems to be conserved across different cortical areas and recruited in different behavioral contexts from gain control to sensorimotor integration and plasticity (Fu et al., 2014; Pi et al., 2013; Lee et al., 2013; Fu et al., 2015) , cholinergic activation of vasoactive intestinal peptide positive (VIP+) inhibitory interneurons leads to inhibition of somatostatin positive (SOM+) inhibitory interneurons, which ultimately results in a disinhibition of pyramidal cell activity (Figure 3b) . In relatively close accordance with the hypothesized circuit, during running in darkness, VIP+ interneurons in area V1 are generally excited, while SOM+ interneurons can be inhibited (Reimer et al., 2014; Fu et al., 2014; Pakan et al., 2016) (Figure 3c, left) . Note, however, that while the VIP->SOM->pyramidal cell disinhibitory circuit can account during running in darkness for some of the average V1 locomotion effects, the distribution of locomotion effects in both interneuron types are broad (Fu et al., 2014; Pakan et al., 2016) . Furthermore, the disinhib-itory circuit model is challenged by novel findings that while running during visual stimulation, activity of both VIP+ and SOM+ interneurons is enhanced (Pakan et al., 2016) (Figure 3c, right) .
A detailed assessment of the action of the VIP->SOM->py-ramidal neuron disinhibitory circuit and an account of the observed variability within interneuron types has been recently provided in the somatosensory system (Muñoz et al., 2017) . Here, Munoz et al. (Muñoz et al., 2017) could show that a particular subtype of SOM+ interneurons, with axonal arborizations in L1 and L5a, is specifically inhibited during whisking, while other SOM+ interneuron subtypes show opposite effects. Intriguingly, L5a of S1 is one of the major targets of L2/3 VIP+ interneurons (Zhang et al., 2016) , and whisking-suppressed SOM+ interneurons receive specifically strong inhibition via VIP+ interneurons (Muñoz et al., 2017) .
Neuromodulatory influences during locomotion might be accompanied by more specific top-down feedback modulations (Zhang et al., 2016; Zhang et al., 2014) and influences from motor efference copies (Schneider et al., 2014; Leinweber et al., 2017) . Indeed, primary visual cortex receives strong input from a subdivision of the anterior cingulate (ACC) called A24b, and secondary motor cortex (M2), which provide motor-related signals dependent on visual experience (Ding et al., 2013) and can be interpreted as representing a prediction signal based on expected visual flow. Erisken et al. (2014) b) A proposed disinhibitory pathway: ACh released during locomotion activates VIP+ inhibitory interneurons, which in turn inhibit SOM+ inhibitory interneurons. This leads to disinhibition of pyramidal cell activity. c) Experimental observations during running in darkness (left) and during visual stimulation (right) conflicting with the proposed disinhibitory circuit. Modified with permission from Pakan et al. (2016) .
Future perspectives
The consideration of locomotion in studies of sensory processing has allowed the discovery of signals that can not only modulate neural responses but also serve active behaviors, like navigation. Yet, locomotion under head fixation still is a relatively reduced preparation compared to locomotion under real-life conditions. For instance, vestibular influences, which are known to have widespread influences throughout the rodent cortex (Rancz et al., 2015) are missing under head fixation. A combination of technological advances, including miniaturization of recording equipment (Kerr and Nimmerjahn., 2012) , head-mounted eye tracking (Wallace et al., 2013) , low-latency immersive virtual reality systems (Grosso et al., 2017; Stowers et al., 2017) , and methods from machine learning for automatic animal tracking and detailed and accurate segmentation of behavior (Valletta et al., 2017) , promises to allow in the future the combination of controlled sensory stimulation under complex, natural, and evolutionary relevant behaviors.
